We have previously demonstrated that betel quid containing safrole induced DNA adducts are highly associated with the development of oral squamous cell carcinoma (OSCC) in Taiwan. Sulfotransferase (SULT) is essential for the formation of these adducts. To elucidate the effects of SULT1A1 haplotypes on OSCC susceptibility, 160 male OSCC cases and 218 age-and sex-matched controls were screened for single-nucleotide polymorphisms within the coding region of SULT1A1 by sequencing. We found that 445C>T (His149Tyr) and 507C>T polymorphisms were significantly associated with increased risk of OSCC. Based on the genotype analysis, haplotypes were constructed for 445C>T (His149Tyr), 507C>T, 600G>C and 638G>A (Arg213His) using GENECOUNTING software. After adjustment for age, cigarette smoking and betel quid chewing, we found that haplotype c containing 445C>T (His149Tyr), 507C>T or 600G>C but not 638G>A (Arg213His) variant was significantly associated with increased risk of OSCC (odds ratio, 3.24; 95% confidence interval, 1.57-6.68) when compared with the haplotype a (wild-type). We analyzed the activity in sulfonation of 2-naphthol and 1#-hydroxysafrole of recombinant His149Tyr (445C>T) variant, which led to 51 and 33% reduced activity, respectively; Arg213His (638G>A) variant led to 72 and 54% reduced activity, respectively, when compared with the wild-type. Taken together, haplotype analysis provides a novel evaluation of the SULT1A1 gene as a risk modifier on environmental carcinogen in OSCC and the association of SULT1A1 haplotypes with the risk of OSCC might be modified by betel quid chewing.
Introduction
Oral squamous cell carcinoma (OSCC) is the fourth leading cause of male cancer mortality in Taiwan (1) , and the risk factors include betel quid chewing, cigarette smoking and alcohol drinking (2, 3) . A recent International Agency for Research on Cancer report has further pointed out that betel quid alone is classified as group I carcinogen (4) . The composition of betel quid varies in different geographical locations, and in Taiwan, it contains the areca nut, Piper betle inflorescence/leaf and lime. P. betle inflorescence contains a high concentration of safrole (15 mg/g fresh wt), and chewing such prepared betel quid generates a high concentration of safrole in the saliva (420 lM). Safrole is a documented rodent carcinogen, and we have demonstrated that safrole-DNA adducts are presented in OSCC tissues and this can be correlated with a betel quid chewing history (5) . Safrole-DNA adducts are formed by the generation of 1#-hydroxysafrole by cytochrome P450 2E1 (6), which is then followed by sulfonation via SULT to form unstable sulfuric acid ester, 1#-sulfooxysafrole; this latter reaction is the rate-limiting step in adducted DNA formation (7) . In another study, we have shown that the levels of safrole-DNA adducts in peripheral blood DNA from healthy individuals do not correlate with the amount of betel quid consumed (8) , and this suggests that interindividual variation in SULT activity might be important to the formation of safrole-DNA adducts.
The SULTs form a supergene family that is involved in Phase II biotransformation of endobiotics and xenobiotics via sulfonation in the presence of 3#-phosphoadenosine 5#-phosphosulfate. Sulfoconjugation renders such compounds more hydrophilic, which facilitates their excretion. However, as well as acting as a detoxification mechanism, SULTs may also participate in the initiation step of carcinogenesis when any highly reactive electrophiles produced by sulfonation are not repaired (9) . Among the human phenol SULTs, SULT1A1 is thought to predominate in xenobiotic metabolism because of its broad tissue distribution and wide substrate specificity. SULT1A1 is capable of sulfating a wide variety of small phenolic compounds such as p-nitrophenol as well as endogenous compounds such as estrogen, thyroid hormones and neurotransmitters (10) . SULT1A1 is important because it catalyzes the sulfonation of many therapeutic medicines such as minoxidil (11) and acetaminophen (12) . In addition, SULT1A1 is also known to bioactivate environmental procarcinogens and genotoxic agents such as N-hydroxy heterocyclic amines (13) and aromatic amines (14) . This gives rise to highly reactive intermediates that are capable of binding to macromolecules such as DNA, which could then lead to mutagenicity and carcinogenicity.
SULT1A1 is the most abundant hepatic SULT (15) and has also been identified in many extrahepatic tissues including the oral mucosa (16) . Interindividual and interethnic variation in SULT1A1 activity and thermostability has been identified in blood platelets (17, 18) . At least seven allelic variants of SULT1A1 have been recognized in humans (18) . Genotype-phenotype correlation studies have shown that the most common investigated SULT1A1 polymorphism, 638G.A (SULT1A1 Ã 2), resulting in an amino acid change of the arginine to histidine at position 213 leads to decreased enzyme activity. The substitution in amino acid sequence is associated with both a decreased substrate affinity and a lower level of protein (19) . Ethnic differences in this functional polymorphism are considerable. The frequency of 638G.A (Arg213His) polymorphism in Caucasians and AfricanAmericans are 25.4 and 36.5%, respectively (17, 20, 21) . However, in Asians, the frequency is much lower and is 16.8% in Japanese (22), 11.6% in Koreans (23), 8.6% in Han Chinese (17) and only 5.5% in Taiwanese (24) . Thus, the functional 638G.A (Arg213His) polymorphism may have distinct metabolic profiles of dietary products, environmental compounds and therapeutic medicines across people of different ethnicities.
A number of molecular epidemiological studies have observed the possible associations between SULT1A1 polymorphisms and the risk of certain cancers including breast (25) , colorectal (26) , head and neck (27) and esophageal (24, 28) . However, these possible associations of 638G.A (Arg213His) polymorphism with cancer risk are inconsistent. Recently, polymorphic variants and copy number differences in the 5#-flanking region of SULT1A1 have also been reported as contributing to alterations in enzyme activity (29, 30) . Hence, it is possible that the diverse distribution of the SULT1A1 polymorphisms and different carcinogen exposures in the various populations may result in variations in the sulfonating activities of the enzyme and thus also in cancer susceptibility.
Here, we conducted an ethnic-specific case-control study to demonstrate the role of haplotypes within the coding region of SULT1A1 as a potential modifier in OSCC susceptibility. In addition, haplotype analysis combining the responsible single-nucleotide polymorphisms (SNPs) was able to provide more insight into the potential interaction of the SNPs with the environmental risk factors including cigarette smoking, betel quid chewing and alcohol drinking in relation to the development of OSCC. We revealed that haplotypes containing the 445C.T (His149Tyr) and/or 507C.T polymorphisms are more highly represented in OSCC subjects than in controls. Moreover, this study investigated these non-synonymous SNPs using expression constructs and the results pointed out the potential role of functionally relevant SNPs in the occurrence of OSCC among Taiwanese.
Materials and methods

Subjects and sample preparation
The use of human subjects in the present study was reviewed and approved by the Institutional Review Board of the Chang-Gung Memorial Hospital. Most OSCC subjects in Taiwan are male and therefore 160 male subjects diagnosed with OSCC between March 1999 and December 2001 were enrolled through the Chang-Gung Memorial Hospital, Tao-Yuan. Tumor stage and grade were classified according to the most recently available tumornode-metastasis classification of the International Union Against Cancer. Furthermore, 218 male healthy controls without a history of cancer were recruited from a random sampling of the Taiwanese general population (31) . The OSCC subjects and controls were matched for age, and each study subject provided a written informed consent for the use of their specimens. Detailed information on the subject's demographic characteristics, medical history and risk factors including lifetime histories for betel quid chewing, cigarette smoking and alcohol drinking was obtained from each participant using a structured questionnaire and a review of the medical records. Betel quid chewers, cigarette smokers or alcohol consumers were defined as participants answering yes to the current statuses of these habits in the questionnaire. A 10 ml blood sample was obtained in a coded Vacutainer containing anticoagulant and isolated buffy coat cells were then stored at À70°C until further analysis.
Genetic analysis
SNPs in the coding region of SULT1A1 were screened using the dideoxy sequencing method. Genomic DNA was isolated from peripheral blood lymphocytes using a conventional phenol-chloroform procedure. Polymerase chain reaction (PCR) amplification of the coding region of SULT1A1, exons 2-8, including the adjacent intronic regions was achieved using the genespecific primers and conditions described previously (21) . Following exonuclease I and shrimp alkaline phosphatase cleanup (GE Healthcare, Amersham, UK), the PCR product was direct sequenced on MegaBACE 1000 Analyzer (GE Healthcare) using the same primers as the original PCR and a DYEnamic ET Dye Terminator Cycle Sequencing Kit (GE Healthcare) according to the manufacturer's instructions. Briefly, cycle sequencing was performed in a 10 ll reaction mixture containing 150 ng of purified PCR product, sequencing premix and 50 pmol sequencing primer. After initial denaturation at 96°C for 5 min, the reaction mixture was incubated for 30 cycles at 96°C for 15 s, 55°C for 1 min and 60°C for 1 min. The resulting amplicon was desalted and then sequenced on both the forward and reverse strands. The sequence results were aligned using the PolyPhred 3.0 and Consed 8.0 programs (32) and compared with the SULT1A1 sequence published in the National Center for Biotechnology Information database.
Cloning and site-directed mutagenesis of SULT1A1 Construction of the SULT1A1 expression plasmids was performed using an yT&A Cloning Kit (Yeastern Biotech, Taipei, Taiwan). Briefly, a complementary DNA clone of SULT1A1 Ã 2 was obtained from the Genome Research Center, National Yang-Ming University, Taiwan. To introduce restriction sites that would allow ligation into the expression vector, the complementary DNA was amplified using specific primers (sequences provided upon request) and this modified the 5#-and 3#-flanking regions to create NdeI and XhoI sites for pET31b cloning or HindIII and XhoI sites for pcDNA3 cloning; at the same time, a hexahistidine tag was also inserted at the N-terminus. For the construction of pET-SULT1A1 and pcDNA-SULT1A1, PCR products were ligated into the yT&A cloning vectors and then subcloned into the expression vectors pET-31b (Novagen, Madison, WI) or pcDNA3 (Invitrogen, Carlsbad, CA). The wild-type and selected mutant constructs for the current study were created by site-directed mutagenesis as described previously (33 penicillin-streptomycin (100 U/ml) and 10% fetal bovine serum under an atmosphere of 5% CO 2 at 37°C. Cultures were seeded at 5 Â 10 5 cells per 60 mm dish 24 h before transfection. The cells were transfected with 3 lg pcDNA3 plasmids containing the coding sequence for the wild-type or a variant SULT1A1 for 18 h. As a transfected control, cells were treated with expression vector that lacked an insert to give mock-transfected cells. At 48 h post-transfection, the cytosolic fraction from the transfected cells was prepared as described previously (34) and stored at À70°C prior to assay. The protein concentration was determined using Bradford's assay (Bio-Rad, Hercules, CA) with a bovine serum albumin standard.
Generation and purification of recombinant SULT1A1 protein in Escherichia coli
Purified hexahistidine-tagged recombinant SULT1A1 allozymes were generated in a pET/Escherichia coli system. The constructs for the expression vector pET-31b encoding the hexahistidine-tagged N-terminal coding sequence for wild-type or variant SULT1A1 were transformed into the E.coli expression strain BL21(DE3) (Yeastern Biotech). The BL21(DE3) cells were grown in Luria-Bertani supplemented with 0.1 mg/ml ampicillin at 37°C and expression was induced by 0.1% glucose and 1 mM isopropyl b-D-thiogalactoside at 25°C when an A 600 of 0.6 was attained. After 4-6 h, the cells were harvested by centrifugation at 4000g for 20 min at 4°C. The pellets were resuspended in 10 mM Tris-HCl (pH 8.0) containing 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 5 mM imidazole, 0.02% NaN 3 , DNase I (1 lg/ml) and ethylenediaminetetraacetic acid-free protease inhibitor (Roche, Mannheim, Germany) and sonicated on ice. The crude lysates were then centrifuged at 13 000g for 30 min at 4°C and proteins .100 kDa were removed using a molecular weight cutoff membrane (Pall Life Sciences, Ann Arbor, MI). The histidine-tagged proteins were purified using a HiTrap Chelating HP column (GE Healthcare) and stored at À70°C.
Determination of protein expression by immunoblotting
Expression of the hexahistidine-tagged SULT1A1 was detected for recombinant allozyme by western blot analysis. The purified hexahistidine-tagged SULT1A1 proteins (20 lg from SULT1A1-expressing BL21 cells) or cytosolic proteins (15 lg from SULT1A1-expressing COS-1 cells) were resolved on 10% polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membrane (Millipore, Billerica, MA) and probed with primary anti-SULT1A1 polyclonal antibody or anti-histidine tag antibody (Abcam, Cambridge, UK). The western blots were normalized against the expression level of b-actin. The detection of immunoreactive proteins was performed using the Amersham ECL Western Blotting System (GE Healthcare) with BioMax MR Film (Eastman Kodak, Rochester, NY). Band density was quantified using National Institute of Health Image software, version 1.38.
Activity of SULT1A1 allozymes in sulfonation of 2-naphthol and 1#-hydroxysafrole
The activity of the recombinant SULT1A1 allozymes in sulfonation of 2-naphthol was measured by a simple colorimetric assay as described by Mulder et al. (35) and modified by Frame et al. (36) . The final reaction volume was 100 ll and contained 20 lM 3#-phosphoadenosine 5#-phosphosulphate, 5 mM p-nitrophenyl sulfate, 0.1 mM 2-naphthol, 5 mM MgCl 2 , 50 mM potassium phosphate (pH 6.5) and 5 lg of purified hexahistidine-tagged SULT1A1 from the pET expression system or 12 lg of cytosol from the COS-1 cells. After a 45 min incubation at 37°C, the reaction was terminated by the addition of 100 ll of 0.25 M Tris-HCl buffer (pH 8.7) and the absorbance at 405 nm due to formation of p-nitrophenol was measured immediately. Each assay was performed in triplicate and the reaction mixture without protein was used as blank. Also, the activity present in cells transfected with empty vector was assayed to determine any endogenous SULT1A1-like activity.
To determine the sulfonation activity of different recombinant SULT1A1 allozymes on 1#-hydroxysafrole, safrole-deoxyguanosine (dGuo) was analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The incubation mixture consisted of 50 lg of purified SULT1A1 protein from the pET expression system, 50 mM Tris-HCl buffer (pH 7.4), 3 mM MgCl 2 , 0.2 mM 3#-phosphoadenosine 5#-phosphosulphate, 20 mM 2#-deoxyguanosine 3#-monophosphate and 4 mM 1#-hydroxysafrole in a final volume of 0.5 ml. After incubation at 37°C for 3 h, proteins were precipitated and the SULT1A1 haplotypes in OSCC patients supernatants were vacuum-dried, redissolved in H 2 O and subsequently analyzed by LC-MS/MS. Each analysis was performed in triplicate and the reaction mixture without protein was used as the control. The LC-MS/MS analysis was performed on an Agilent 1200 series SL LC system coupled to an Agilent 6410 triple quadrupole mass spectrometer equipped with an electrospray ionization (Agilent Technologies, Santa Clara, CA). The chromatographic conditions were as described previously (37) . Mass spectrometrical analysis was performed in positive ion. Optimized parameters were as follows: capillary voltage of 4000 V, fragmentor voltage of 240 V, drying gas temperature of 300°C, drying gas flow of 10 l/min, nitrogen nebulizer pressure of 40 psi, dwell time of 200 ms and collision energy of 10 V. The detection of safroledGuo was carried out by the multiple reaction monitoring modes. The monitored precursor ion (m/z 312.1) and product ion (m/z 164.1) were acquired and processed by the Agilent MassHunter Qualitative software.
Statistical analysis
All statistical analyses were accomplished using SAS 9.1 statistical software (SAS Institute, Cary, NC). Each genotyped SNP among control subjects was tested against Hardy-Weinberg equilibrium by the Pearson's v 2 test. Logistic regression models were used to determine the effect of independent variables on the risk of OSCC including SNPs, betel quid chewing, cigarette smoking and alcohol drinking. Pairwise measures of linkage disequilibrium between the SNPs were evaluated by GENECOUNTING/LDPAIRS with Cramer's V statistics (38) . The tagSNPs, 445C.T (rs1042008, His149Tyr), 507C.T (rs1126462), 600G.C (rs3176926) and 638G.A (rs9282861, Arg213His), were selected from all the SNPs within the open reading frame of SULT1A1 (minor allele frequency . 0.1) with r 2 ! 0.8. The haplotype frequencies were then assessed by the GENECOUNTING software (version 2.1, April 2005) and confirmed using an empirical permutation test of their significance. The distributions of the SNPs or the haplotypes of SULT1A1 in the cases and controls were compared by v 2 test. In an analysis of the effect of risk factors on the OSCC susceptibility, the four selected SULT1A1 SNPs were reclassified into three haplotype groups haplotype a (HTa), haplotype b (HTb) and haplotype c (HTc) based on their contribution to the risk of OSCC in univariate analysis. The HTa (CCGG), which contained only wild-type alleles, was the most common. The HTb (CCGA) carried the 638G.A (Arg213His) polymorphism, whereas the HTc was carried at least one of the other three minor alleles. The most common HTa was used as the reference and the associations between the haplotypes and the risk of OSCC were evaluated after adjusting for the other covariates. The odds ratio (OR) and a 95% confidence interval (CI) for estimating the associations between haplotypes of SULT1A1 and the risk of OSCC were obtained from both univariate and multivariate logistic regression models with adjustment for potential confounding factors. In cases of activity assay for recombinant SULT1A1, statistical analyses were performed using the Student's t-test.
Results
Demographic characteristics
The demographic characteristics of all participants for genetic screening are summarized in Table I . The OSCC and control subjects were matched on age, and the mean age was 50.6 years (±11.8 years; range, 25-78 years) for the OSCC subjects and 50.6 years (±16.5 years; range, 23-82 years) for the controls (P 5 0.63). The controls were randomly selected from the major ethnic groups in Taiwan. Furthermore, many of the known risk factors for OSCC were more common among the cases than among the controls and these included cigarette smoking (91.3 versus 58.7%), betel quid chewing (86.9 versus 16.5%) and alcohol drinking (58.1 versus 34.4%).
Genotype and haplotype frequencies among the OSCC and control groups Sequencing of the coding region of SULT1A1 was performed using DNA samples from the Taiwanese subjects. Thirteen common SNPs (with minor allele frequencies . 0.01) were observed after analyzing all eight exons, the 5#-untranslated region and the 3#-untranslated region of SULT1A1 across 378 subjects and all had been published in the National Center for Biotechnology Information SNP database. Eleven SNPs were identified in the coding region, of which four were non-synonymous. The location of each SNP, the amino acid substitution, the allele frequency and the distribution of the SULT1A1 genotype are summarized in Table II . The distribution of the genotype in the control group was in agreement with Hardy-Weinberg equilibrium, except for 600G.C and 902A.G, which showed a significant deviation from the expectations (P 5 0.01 and 0.04, respectively). Among the 13 SNPs, only two were significantly different in allelic frequency between cases and controls. The minor allele frequencies of 445C.T (His149Tyr) and 507C.T were significantly higher in OSCC subjects than the controls (8.1 versus 2.3% for 445C.T; 3.8 versus 0.7% for 507C.T). Three SNPs were found to be associated with the risk of OSCC when the homozygote frequency of the major allele and the homozygote/heterozygote frequency of the minor allele were compared. However, the distribution of the well-characterized 638G.A (Arg213His) polymorphism was not significantly different between the case and control groups.
Several SNPs within the SULT1A1 gene were associated with the risk of OSCC and therefore a haplotype analysis was used to assess the association between the SULT1A1 SNPs and the risk of OSCC. Based on the observations in the genotype analysis, haplotypes were constructed for the individual SNPs of SULT1A1 445C.T (His149-Tyr), 507C.T, 600G.C and the known functionally important polymorphism 638G.A (Arg213His) using GENECOUNTING software. A total of 11 haplotypes were estimated, and the predominant haplotype CCGG was designated as HT1. Among them, the six haplotypes with frequency .1% and their association with the risk of OSCC are summarized in Table III . The results indicate that the HT3, HT5 and HT6 haplotypes are associated with an increased risk of OSCC. A significantly increased risk of OSCC was observed in those carrying either the HT5 or HT6 haplotype in which the 445T allele was present and the ORs were 4.03 (95% CI, 1.39-12.23) and 4.61 (95% CI, 1.08-22.52), respectively. Surprisingly, the frequency of individuals carrying the HT2 haplotype containing the functionally important 638A minor allele was not different between the OSCC cases and the controls (OR, 1.04; 95% CI, 0.19-5.12). Moreover, the HT4 haplotype, comprising both the 600C and 638A minor alleles, was associated with a marginally decreased risk of OSCC (OR, 0.69; 95% CI, 0.27-1.74). No significant difference in the risk of OSCC was observed between haplotypes and tumor stage or size (data not shown).
Effects of SULT1A1 haplotypes on the risk of OSCC modified by betel quid chewing
The interaction between haplotypes and betel quid chewing and cigarette smoking on the risk of OSCC are summarized in Table IV . It is noteworthy that the effect of haplotype on the risk of OSCC was significantly different in subjects with betel quid chewing and cigarette smoking, whereas the effect of haplotype on the risk of OSCC was not different in subjects with cigarette smoking alone. The risk of OSCC was significant in HTc carrier (OR, 5.96; 95% CI, 1.60-26.15) but not in HTb carrier (OR, 0.58; 95% CI, 0.15-2.28) in subjects with cigarette smoking and betel quid chewing as compared with HTa carrier. However, the risk of OSCC was similar for HTb and HTc Risk estimates for SULT1A1 haplotypes on OSCC susceptibility Multiple logistic regression model was applied to examine the independent effect of SULT1A1 haplotypes on the risk of OSCC. As shown in Table V , the risk of OSCC was still significantly increased in HTc carriers as compared with those HTa carriers (OR, 3.24; 95% CI, 1.57-6.68) after adjustment for age, cigarette smoking and betel quid chewing.
Expression and functional studies of the SULT1A1 genetic variants Expression constructs were created for wild-type and three (445C.T, 507C.T and 638G.A) of the SULT1A1 allozymes that existed in the predicted haplotypes and these were used for functional genomic studies. Because the polymorphic sites of 445C.T (His149Tyr) and 507C.T (Tyr169Tyr) were in strong linkage disequilibrium (data not shown) and associated with increased risk of OSCC, the expression construct for 507C.T (Tyr169Tyr) was created to determine its enzyme activity, even though this polymorphism does not influence protein translation. The expression of SULT1A1 was determined by detecting both the hexahistidine tag fused to the recombinant proteins and the central region of SULT1A1. A single SULT1A1 band $34 kDa was detected in recombinant SULT1A1 allozymes purified from BL21(DE3) ( Figure 1B ) or after transient expression in COS-1 cells ( Figure 1A) ; no detectable SULT1A1 protein was found in the mocktransfected cells. Quantitative analysis showed similar levels of immunoreactive protein for all the allozymes except for a significant decrease of $45% with the Arg213His allozyme. Recombinant protein was assayed for the activity in sulfonation of 2-naphthol by measuring the generation of p-nitrophenol. The activities of the SULT1A1 allozymes, expressed as a percentage of activity relative to the wild-type, are shown in Figure 1A and B. Consistent with the protein level, reduced activity was observed in both His149-Tyr variant (445C.T) and Arg213His variant (638G.A) with 51 and 72 % reduction, respectively ( Figure 1B) . The activity in sulfonation 
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of 1#-hydroxysafrole by recombinant SULT1A1 allozymes was determined by the formation of safrole-dGuo. Figure 1C shows the collision-induced fragmentation scheme of safrole-dGuo in the positive electrospray mode. The major fragment, m/z 164.1, was selected for subsequent multiple reaction monitoring detection to identify and quantify the safrole-dGuo. Figure 1D shows overlaid multiple reaction monitoring chromatograms of safrole-dGuo formed by incubations of 1#-hydroxysafrole with different SULT1A1 allozymes. Peaks were corresponding to N 2 -(trans-isosafrol-3#-yl) deoxyguanosine formed by incubation of 1#-hydroxysafrole with mouse liver microsomes. The incubation without SULT1A1 was used as negative controls and peak area was used to calculate the amount of safrole-dGuo. Figure 1E summarizes levels of safrole-dGuo formed by different SULT1A1 allozymes, expressed as a percentage relative to the level formed by wild-type SULT1A1. As expected, the level of safroledGuo formed by Tyr169Tyr (507C.T) variant was similar to the level of the wild-type. However, the activity in sulfonation of 1#-hydroxysafrole was significantly reduced in His149Tyr (445C.T) variant and Arg213His (638G.A) variant by 33 and 54%, respectively. Thus, the association of 507C.T (Tyr169Tyr) with OSCC risk could be explained by the strong linkage between 445C.T (His149Tyr) and 507C.T (Tyr169Tyr).
Discussion
A case-control study was carried out to evaluate the effects of SULT1A1 haplotypes on the risk of OSCC in Taiwanese male subjects. In this study, the combined effect of betel quid chewing, cigarette smoking and alcohol drinking on the risk of OSCC was significantly increased when compared with subjects without these three risk habits (OR, 51.20; 95% CI, 16.84-167.35) (data not shown). This observation is comparable with a case-control study carried out Y.-T.Chung et al. 
SULT1A1 haplotypes in OSCC patients
in Taiwan by Ko et al. (2) . In the present study, we further demonstrated that a functionally significant 445C.T polymorphism, which resulted in a His to Tyr substitution at position 149, was related to an increased risk of OSCC. In addition, SULT1A1 HTc containing 445C.T (His149Tyr), 507C.T or 600G.C but not 638G.A (Arg213His) variant was associated with increased risk of OSCC after adjustment of age, cigarette smoking and betel quid chewing. Sequencing of genes has become a common approach to find the population distribution of polymorphic variations. Although this study did not discover novel SNPs, we were able to demonstrate a significantly increased risk of OSCC associated with other three SNPs of SULT1A1. To date, several SNPs in SULT1A1 have been identified through sequencing (18) . The common 638G.A (Arg213His) polymorphism (referred as SULT1A1 Ã 2 allele) has been associated with remarkably decreased enzyme activity and thermal stability (21) , and its relationship with cancer risk has been investigated. Recently revealed polymorphic variants in the SULT1A1 promoter region are in linkage disequilibrium with the SULT1A1 638G.A (Arg213His) polymorphism (30) . However, the conclusions from previous epidemiological studies on SULT1A1-related cancer risk lack consistency (39, 40) . Moreover, the frequency of the 638G.A (Arg213His) polymorphism varies widely across different ethnic groups and is relatively rare among Asians, especially among those of Chinese descent (17) . In this study, the allele frequency of 638G.A (Arg213His) polymorphism is similar to a previous study in a Taiwanese population (24) .
In recent years, haplotype-based association studies have been used as a comprehensive method of identifying susceptible genetic variation for elucidating cancer predisposition (41) . Using this approach, our results demonstrated that several haplotypes of SULT1A1 were significantly correlated with the risk of OSCC. Among these haplotypes, haplotypes containing 445C.T (His149Tyr) polymorphism stood out as the most important polymorphism associated with OSCC predisposition (Table III) . Thus, sequencing of SULT1A1 in the Taiwanese population was able to provide a more detailed evaluation of Taiwanese-specific SNPs and haplotype structures associated with the risk of OSCC.
Amino acid substitutions resulting from non-synonymous polymorphisms have the potential to modify the function of the encoded protein. To evaluate the functional consequences of the observed OSCC susceptible SNPs, expression constructs transiently expressed in COS-1 cells showed that the His149Tyr (445C.T) variant exhibited a reduced activity in sulfonation of 2-naphthol to 43% of wild-type with unaffected change in immunoreactive protein ( Figure 1A ). This is an exception to the general findings for SULT1A1 allozymes where the major mechanism responsible for the functional consequences of genetic polymorphism seems to be alterations in the quantity of encoded protein (29) . Based on the structural analysis, residue 149 of SULT1A1 protein is located on the surface and is exposed to the cellular environment (42) . Hence, the His149 to Tyr alteration of SULT1A1 protein might change the affinity relative to both its substrates and inhibitors. In our expression system, the recombinant Arg213His (638G.A) variant displayed a dramatic decrease in both protein expression levels and sulfonation activity. However, the decrease in sulfonation activity detected using the recombinant Arg213His (638G.A) variant also differed from a previous study (26 versus 67% of the wild-type activity) (43) . This difference in the functional consequences of Arg213His substitution was probably due to the different expression vectors and assay methods used.
Betel quid chewing is a known risk factor of OSCC (4). Our previous studies have shown that the presence of safrole-DNA adducts is highly associated with betel quid-related OSCC (5) and hepatocellular carcinoma (37) . In the present study, our results indicated that betel quid chewing is the most prominent risk factor for OSCC (Table V) . SULTs are involved in the bioactivation of procarcinogens such as safrole to form DNA-damaging metabolites (44) . Although the SUL-T1A1 activity in sulfonation of 1#-hydroxysafrole is lower than SUL-T2A1 in Salmonella typhimurium TA1538-derived strains (45) , the current study demonstrated that 1#-hydroxysafrole can be sulfonated by SULT1A1 and different allozymes exhibited different sulfonation potential ( Figure 1E ). Recent study suggests that the newly explored SULT1C3 participates in the sulfonation of 1#-hydroxysafrole in recombinant S.typhimurium TA100-derived strains, but the expression of SULT1C3 is not evident in vivo (46) . On the other hand, reverse transcription-PCR has identified the transcripts of SULT1A1 in oral mucosa, but failed to detect SULT2A1 (16) . Therefore, sulfonation of 1#-hydroxysafrole is considered to be mainly mediated by SULT1A1 in humans, especially in oral cavity.
Using liquid chromatography/quadrupole time-of-flight mass spectrometry, we previously identified the major safrole-DNA adduct as N 2 -(trans-isosafrol-3#-yl) deoxyguanosine (37) . These liquid chromatography/quadrupole time-of-flight mass spectrometry conditions and fragments can be optimized for the monitoring of the safrole-dGuo in this study. Using this approach, the formation of safrole-dGuo was used as a biomarker to verify the activity of SULT1A1 allozymes in sulfonation of 1#-hydroxysafrole. As shown in Figure 1 , the activity of SULT1A1 allozymes in sulfonation of 2-naphthol and 1#-hydroxysafrole was parallel. This suggests that SULT1A1 polymorphisms had substantial effect on these activities.
Recently, an increased risk of colorectal adenomas (47) and urothelial cancer (48) was found in cigarette smokers carrying the SULT1A1 638 G/G genotype. In this study, we observed that the effect of SULT1A1 haplotype on the risk of OSCC was modified by combined betel quid chewing and cigarette smoking but not cigarette smoking alone (Table IV) . Furthermore, the activity in sulfonation of 1#-hydroxysafrole was significantly reduced in His149Tyr variant (445C.T) and Arg213His variant (638G.A) by 33 and 54%, respectively. Previous study found that Piper betle inflorescence, a common component of betel quid contains quercetin (1.1 mg/g fresh wt) (49) , is a potent inhibitor of SULT1A1 (50) . Thus, interactions between substrates and inhibitors contained in betel quid on SULTs enzyme activity might be more complex than what we thought. As shown in Table IV , the least effect of cigarette smoking and betel quid chewing on the increased risk of OSCC was observed in the HTb carriers as compared with subjects who carry the same haplotype without cigarette smoking and betel quid chewing (OR, 11.20; 95% CI, 1.38-116.00).
On the other hand, it is interesting to note that individuals with both betel quid chewing and cigarette smoking habits carrying the 445C.T (His149Tyr) polymorphism were more susceptible to OSCC than those carrying the wild-type (OR, 6.58; 95% CI, 0.89-135.67) (data not shown), even though the activity of His149Tyr (445C.T) variant was lower toward safrole. This divergent effect of Arg213His (638G.A) and His149Tyr (445C.T) on OSCC risk indicated the complexity of underlying molecular mechanisms of OSCC in Taiwan. In addition to activate procarcinogens, SULT1A1 also plays an important role in detoxification. The effect of SULT1A1 on cancer risk is the sum of activation and detoxification. Contrary to Arg213His (638G.A) variant with a dramatic decrease in protein expression, His149Tyr (445C.T) variant did not exhibit changes in the quantity of encoded protein. The affinity of these two allozymes relative to both their substrates and inhibitors are different. Furthermore, betel quid contains a number of SULT1A1 inhibitors and oxidative DNA-damaging compounds such as hydroxychavicol (49) . Therefore, the divergent effects of different haplotypes on cigarette smoking-and betel quid chewing-related OSCC risk are probably due to the functional consequence of genetic polymorphisms and constituents of betel quid. Regarding the effect of SULT1A1 haplotypes on the risk of OSCC modified by cigarette smoking and betel quid chewing found in this study, further study with a larger sample size is required. In addition, interactions between haplotypes of SULT1A1 and other forms of SULTs on multifactorial OSCC risk are necessary.
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